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COMBINED COMPRESSOR COOLANT INJECTION AND AFTERBURNING' 
FOR TUROBJET THRUST AUGMENTATION 
By James W. Useller, S. C. Huntley, and David B. Fena 


SUMMARX 

Investigations of the use of comibined coir^ressor coolant injection 
and afterburning in a turbojet engine have revealed that certain basic 
requiremen’bs must be considered in the design and operation of each part 
of the system to achieve Tna^-yirnmn effectiveness of the ■whole, A discus- 
sion of some of these requirements and of the application of the aug- 
mented performance to hi^-^eed, hi^-altitude flight is presented. 

Efficient and conpatible performance with combined conpressor cool- 
ant injection and afterburning can be obtained only by selecting a cool- 
ant that is suited to the flight operating conditions, introducing the 
coolant -uniformly at the most ad-vantageous location in the coanpressor, 
minimizing any tendency toward reducing the compressor performance, as 
veil as giving proper consideration to the Influence of the coolant on 
afterburner performance. Because of its hi^ heat of vaporization, 
vater is a satisfactory compressor coolant at the noimial air tenpera- 
tures associated with sea-level taie-off conditions, vhile liquid am- 
monia possesses properties favorable for evaporative cooling at the low 
teu^)eratures associated ■vrf.th hi^-altitude flight. Both -water and 
ammonia ©ahiblted adverse effects on the combustion performance of the 
afterburner at high coolant flow rates. For example, with an after- 
burner stoichometric fuel-air ratio a combustion limit was reached at an 
ammonia-air ratio of 0.04. 


An analysis based on the experimental results shows that for a 
flight Mach number of 2.5 at an altitude of 35,000 feet, an augmented 
net-thrust ratio of 6.9 is possible from the combined use of stoichio- 
metric afterburning and a campressor injection ammonia-air iratio of 
0.04. Stoichiometric afterburning alone produces an augmented-thDTUst 
ratio of only 4.4. 


INTRODUCTION 

Afterburning is the system most often used to augment standard 
engine thrust. Occasionally, however, it is Insufficient to meet the 
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thrust requirements during take-off, acceleration, and climb of the air- 
craft, and additional means of thrust augmentation are necessary. When 
maximum permissible thrust is needed for a short time, a combination of 
compressor coolant injection and afterburning is a promising method of 
thrust aiigmentatlon. Such a combined system of augmentation employs 
evaporative cooling before and during the ccngjresslon stage of the en- 
gine and sifterbuming in the exhaust stage. Eils use of combined com- 
pressor coolant injection and afterburning to produce a maxiinuTn level 
of thrust augmentation has been investigated at conditions simulating 
sea-level take-off (ref. l) and high-altitude fli^t (ref. 2). 

This 3r^ort summarizes the available information on combined aug- 
mentation systems using compressor coolant injection emd afterburning 
and also discusses the effects of the cosapressor coolsint on component 
performance and afterbtiming. In addition, an extrapolation of the 
experimental data to high flight speeds has been made, taking into ac- 
count the anticipated performance variation or limitation caused by 
ccnrpressor coolant injection. 


APPARATUS 

Sea-level investigation . - A schematic diagram of the test vehicle 
employed for the sea- level investigation is presented in figure 1. The 
tvirbojet engine vas an early production model incorporating eua 11-stage 
axial-flow conpressor., el^t cylindrical combustors, euad a single-stage 
turbine. -The nominal sea-level static military rating of the engine 
was 4000 pounds thrust at a rotor speed of 7.700 rpm. The afterburner 
was designed to operate at stoichiometric fuel-ed.r ratio. The water- 
alcohol mixture was injected ahead of the ccatpressor inlet and at the 
sixth stage of the compressor. The inlet -injection system consisted 
of 34 conventional atomizing nozzles installed in a ring, while the 
interstage system consisted of 20 individual nozzles of 0.045 inch 
diameter (details in ref. l). The interstage nozzles were designed 
using the spray characteristic information contained in reference 3. 

When the inlet and interstage injection systen^ were used concurrently, 
the coolant flow was evenly divided between the tro stations. 

Altitude investigation . - The axial-flow t^lrboJet engine used 
during the altitude investigation developed 3000 pounds thrust at sea- 
level, zero-ram canditlons with an average turbine -outlet gas tempera- 
ture of 1625° R and a rotational speed of 12,500 apan. The primary en- 
gine components included an U-stage ccmpressor with a compressor-outlet 
mixer, a double annular combustor, a two- stage tufbine_, a shrouded air- 
cooled afterburner, and a water-cooled, variable-area exhaust nozzle. 

A sectional view of the engine, the ccmpressor injection system, and 
the afterburner is shown in figure 2. Two ammonia injection configura- 
tions were investigated to determine the effect of distribution on the 
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augmentation. The ammonia injection system of configuration A consisted 
of 20 radial spray bars each having 16 orifices 0.021 inch in diameter 
that vere radially spaced in pairs so as to introduce the ammonia at the 
centers of ei^t equal areas (ref, 2). The spray bars vere designed 
using the penetration characteristics described in reference 4. Con- 
figuration B vas comprised of 24 conventional atomizing nozzles in- 
stalled in a ring. The investigation vas conducted in an altitxjde test 
chamber in vhich a range of desired ram-pressoire ratios and altitude 
static pressures could be obtained. 


EROCEDURE 

During the sea-lerel investigation of reference 1, the augnented 
performance vas determined at zero-ram conditions vith an average 
engine- inl et temperature of 80° F. The engine vas operated at rated 
speed; data at rated turbine -out let temperature vere obtained at various 
injection rates by using a series of fixed-area exhaust nozzles. 

For the altitude Investigation of reference 2, the flight condition 
simulated vas an altitude of 35^000 feet a-nd a fli^t Mach number of 1.0 
(engine -inlet temperature^ 13° F). The engine vas operated at rated 
speed, and rated turbine-outlet tenperature vas maintained by adjustment 
of a variable-area exhaust nozzle. The coolant- to air-flow ratio for 
the sea-level investigation vas varied from 0 to about 0.085, while 
coolant- to air-flow ratio for the altitude investigation was varied 
from 0 to 0.045. 

The procedure used in extrapolating the experimental performance 
to high flight speeds is discussed in the text. 


EESUKUS AHD DISCUSSION 

The reported investigations of combined auguentatlon systems have 
revealed certain factors that must be considered in the design and op- 
eration of such systems in order to achieve maximum effectiveness during 
both augmented and \maugmented operation. Therefore, the design and 
performance. factors of a coopressor coolant system to be used in con- 
junction with afterburning that must be considered, such as type of 
coolant, place of Injection, and effect of coolant on engine and after- 
burner performance, are discussed herein. The first section of the dis- 
ciisslon compares the experimental resoolts with the theoretical calcula- 
tions and points out some of the considerations Involved in the selec- 
tion of the coolant system. The second section discusses a proposed 
application of a specific ccmbined augmentation system to hl^-speed, 
high-altitude flight. Whereas theoretical applications of combination 
systems to hi^-speed fli^t are discussed in previously published 
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reports, the application reported herein is an extrapolation of experi- 
mental results of a partioular engine-afterhumer-coolant configuration 
and includes the anticipated performance limitations imposed by the com- 
pressor coolant injection. 


Experimental Performance of Combined System 

Thrust augmentation . - Theoretical calculations of thrust augmenta- 
tion from the combined use of compressor evaporative cooling and stoi- 
chiometrio afterbvirnlng as reported in reference 8 are compared in figure 
3 with data obtained during the experimental sea-level investigation of 
reference 1 for sea-level static flight condition. In the calculations 
of reference 5, a coolant with the heat of vaporization of water was 
used and the coolant flows were varied from that sufficient to saturate 
the ccmpressoT-lnlet air to that required to sattirate -the ccopressor- 
outlet air. The coolant used in-reference 1 was a mixture of 70 percent 
water and 50 percent alcohol. The experimented, results exhibit the same 
trend as the theoretlced. up to an augmented liquid ratio (ratio of total 
liquid flow to engine fuel flow required for, the pairtloular flight con- 
dition and augmentation system) of 5.5, with the amount of thrust aug- 
mentation being about 5 percent less. However, for avigmented liquid 
ratios In excess of 5.5 (coolant- to air-flow ratios greater than 0.033), 
the experimental performance was limited to that shown in the figure by 
a ccmbustlon instability that will be discussed In the section entitled 
"Effect of coolant on afterburner perf oimance . " 

A similar coirparlson of the e^erlmental data (from ref. 2) and a 
theoretical calculation are shown for an altitude of 35,000 feet and a 
flight Mach number of 1.0 in figure 4. For the simulated flight condi- 
tion, liquid ammonia was used as the compressor coolant and was injected 
ahead of the compressor. The experimental results are limited to a max- 
imum augaented- thrust ratio of 2.13 by combustion blow-out. There was' 
no sharp decrease in augmentation when higher ammonia-air ratios were 
investigated, as was the case with water injection, and the experimental 
thrust augmentation was at the most only 3 percent lower than that theo- 
retically predicted. The experimental resxilts of figure 4 agree more 
closely with the theoretical resvilts than those of figure 3 because the 
afterburner ccobustion efficiency asstimed for the theoretical calcula- 
tions was nearer to the value obtained with the actual afterburner. (See 
appendix B for method of computation.) 

Introduction of cooJant . - The most favorable station for injection 
of the coolant is ahead of the compressor if the coolant-flow rate is 
low enough to permit coorplete evaporation before compression. This sta- 
tion is also most favorable as to simplicity of installation. If, how- 
ever, complete evaporation of the coolant caimot be accomplished ahead 
of the compressor, the excess coolant enters the conpressor in liquid 
form. Before it can evaporate, it is centrifuged out to the compressor 
casing where it causes thermal contraction that may result in blade 
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rubbing and deterioration of engine performance (ref. 6). Because of 
this effect of the liquid on the compressor, interstage injection of 
that portion of tbe coolant which cannot be evaporated aliead of the 
compressor may be required. 

The maximum amount of evaporation of any coolant is obtained from 
a uniform distribution of the coolant in the flow passage. A comparison 
of the performances of two injection systems having different distribu- 
tion systems is presented in figvire 5. Configuration A (from ref. 2) 
had 320 orifice sources of coolant injection, while configuration B 
(from ref. 7) had 24 at cm i zing-noz zle sources. Althou^ the actual 
distributions were not measured, it is evident that the coolant distri- 
bution for configuration A was more uniform than that for configuration 
B, and the thrust augmentation increased as much as 5 percent with the 
improved distributicai. 

Selection of coolant . - Because the thrust augmentation obtained 
from compressor coolant injection is a resiolt of the heat absorption 
during evaporation of the coolant, the coolant used must be selected 
in relation to the atmospheric conditions associated with the flight 
application and from, a consideration of its physical and chemical prop- 
erties. The primary factors Involved with respect to physiceQ. proper- 
ties Include heat of vaporization, flammability limit, and boiling and 
freezing point temperatures. A survey of the physical properties of 
various potential coolants considered resxilted in the following list; 


Cooletnt 

Heat of 

■pi fijTtmAbili-by 

Boiling point at 
atmosplieric 
pressure. 

Op 

vaporization, 

Btu/lb 

limit, percent 
by vol-ume 

Water 

1079 

Ihcambustible 

212 

^drogen peroxide 

587 

Heat of decom- 
position, 

1242 Btu/lb 

306 

Ammonia (liquid) 

561 

0.16 - 0.25 

-27 

Ethyl alcohol 

406 

0.03 - 0.19 

172 

Methyl chloride 

180 

0.08 - 0.17 

-12 

Carbon dioxide (liquid) 

110 

Incombustible 

-109 

Air (liquid) 

93 

Supports com- 
bustion 

-320 

i 


The hi^ heat of vaporization of water makes it the most attractive 
coolant. The addition of alcohol to the water is usvially necessary to 
prevent freezing at lower temperatures and to permit constant-throttle 
operation, which is possible because the alcohol aide the engine fuel 
in heating and vaporizing the water. For the low temperatures encoun- 
tered during altitude operation, water is unsxii table because very little 
evaporative cooling can be obtained Inasmuch as amounts of water 
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saturate the air. 'When a water-eJ.cohol mixture was injected at the en- 
gine inlet during an altitude investigaticaii (ref . 8), evaporation of the 
coolant was inadequate as a result of the low inlet air temperature and 
no augmentation was obtained. In addition, failure of the coolant to 
evaporate ahead of the compressor permitted liquid coolant to enter the 
compressor and adversely affected the carapressor performance (to be dis- 
cussed in detail in section entitled "Effect of coolant on compressor 
perfoimance") . 

^drogen peroxide presents a distinct problem since it is spontane- 
ously combustible at temperatures approximating the compressor-discharge 
tempera tiire . Methyl chloride, liquid air, and liquid carbon dioxide all 
have heats of vaporization approximately 10 percent of that of water; 
thus they csn absorb dnly small quantities of heat during evaporation 
\inless much greater quantities of coolant are used. 

The low tanperatures encountered at hl^-altltude flight indicate 
the need for a coolant such as ammonia that will evaporate in appreci- 
able quantities at low temperatures. Liquid ammonia 6d.so has a rela- 
tively favorable heat of vaporization, approximately one -half that of 
water, and its combustible nature is also desirable for it would tend 
to reduce the primary fuel requirement of the engine . Liquid ammonia 
does not have universal application, however, since it is resuilly ab- 
sorbed by the water vapor present in the nir., ..This absorption process 
is exothermic and would tend to negate the cooling due to evaporation. 
Since atmospheric humidity is ^genereLLly highest at sea level, ammonia 
woiild prove an undesirable coolant for sea-level applications, although 
it appears to have premise for use where the air is relatively dry. 

Offsetting these advantages is the fact that ammonia is corrosive 
in the presence of certain metals and Its use would require that care be 
tahen not to use metals such as copper and brass in the ammonia system 
or in the engine where the ammonia may have contact with them. Special 
measures must also be taken that ammonia vapors are not contained In air 
taken from the compressor for cockpit pressurization and bearing cooling. 

Effect of atmospheric conditions . - Althoio^ the afterburner is 
relatively insensitive to aTHfti l changes in atmospheric temperature and 
humidity, the influence of these conditions on the evaporative cooling 
system can be expected to be more significant. In general, increased 
engine-inlet air ten^eratures will permit greater cooling and result in 
more favorable augmentation at eq\rL valent coolant- to air-flow ratios. 

The increasing aiigmented-thrust ratio obtained with increasing inlet 
air temperature for a coolant- to air-flow ratio of 0.06 during opera- 
tion at sea-level zero-ram. conditions is shown in figure 6(a). For both 
the centrifugal engine (ref. 9) and the axial-flow engine (ref. 6), the 
increases in augmentation due to increasing inlet air temperature are 
similsur. The effects of temperature on augmented-thrust ratio as found 
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in the Investigations of references 2, 7, and 8 at coolant-air ratios 
of 0.04 and during altitude fli^t operation are shown in figure 6(h‘) 
for water-alcohol and ammonia coolants. The altitude performance ex- 
hibits the same trends as the sea-level data. 

The sea-level investigation of reference 9 indicated that at a 
given inlet sir taaperature and coolant-air ratio, the con^ressor pres- 
sure ratio and resxiltant thrust decreased slightly with increasing hu- 
midity of the inlet airj this effect became more pronounced as the 
coolant-flow rate was increased. The decrease in unauigmented perform- 
ance due to high humidity was found to be a result of changes in the 
physical properties of the air (tt and Cp), and has been reported in 

reference 10 to be quite gnta.n in magnitude. The effect of Tiumidlty 
increases with coolant-flow rate because as saturation of the air is 
approached less coolant can evaporate and thus less cooling and less 
augmentation are provided. It has already been pointed out that hi^ 
humidity decreased the desirability of liquid ammonia as a coolant since 
the absorption of water by anhydrous ammonia is exothermic and tends to 
negate any cooling due to the evaporation of the ammonia. Although no 
data have been obtained as to the effects of humidity on the altitude 
flight use of coolant injection, the effects are' espected to be ama 1 1 
because relatively little moisture can be present at the low tempera- 
tures normally encountered at high altitudes. 

Effect of coolant on compressor perfo 2 miaince . - The major influences 
of coolant injection are, of course, on the ccopressor performance and 
the afterburner combustion. For a coolant-flow rate less than that re- 
quired to saturate the air at the ccanpressor inlet, the variation of 
compressor performance with increasing coolant-flow rate is "Uie same as 
the variation that would result from a variation in corrected engine 
speed. The variation of adiabatic compressor efficiency with corrected 
engine speed is shown in figure 7. The data points indicated are for 
calculated comrpressor efficiency over a range of ammonia-air ratios 
from 0.01 to 0.045 (corresponding to corrected engine speeds from 12,800 
to 14,700 rpm), while the cmrve represents the normal compressor effi- 
ciency variation without coolant injection. 

When the ccmpressor-inlet air is saturated and liqxild coolant en- 
ters the compressor, only limited verification of experimental data can 
be made because of the difficulties encoimtered in making accurate tem- 
perature measurements at the compressor inlet and outlet (see ref. 11 
for q\ialitatlve discussion) . When a water-eQ-cohol mixture is used as 
the coolant at the compressor inlet, idle saturation condition may be 
exceeded even at very low coolant-air ratios. For example, at the ram 
temperature associated with sonic flight at an altitude of 35,000 feet 
(l3° F), the conpressor inlet would be saturated with a coolant-air ra- 
tio of only 0.003. With unevaporated coolant entering the compressor, 
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the compressor actuallj operates at different Mach numbers and loadings 
throughout^ depending on stagewise eTaporatlon. Because the stagewlse 
pattern of evaporation of the coolant was uninown, the compressor was 
divided Into four hypothetical eiilal sections having eq.ua! pressure 
ratios to facilitate the naloulatlon of compressor efficiency when an 
aqueous coolant was used. A stepwise Iteration was meide to calculate 
temperature and efficiency throu^ the compressor based on the assump- 
tion that for each step the adiabatic compression was followed by a 
constant-pressure cooling process until saturation was reached. Equal 
compressor efficiencies were initially assumed for the axial seotlans of 
the compreseor, and a ccsnpressor-outlet temperature was calculated. This 
calculated temperature was compared with the measured temperature and 
the procedure repeated using altered compressor section efficiencies un- 
til the two temperatures agreed. The assumed Ccmpressor efficiency for 
the last iteration was taken to be the over-all compressor efficiency. 

The resultant variation of compressor efficiency with ratio of water- 
alcohol to air Is shown in figure 8. While the injection of ammonia 
caused no appreciable decrease of compressor efficiency from the nor- 
mal performance, the injection of a. 70 percent water - 30 percent al- 
cohol mixt,ure resulted In as high as a 20 point drop in compressor 
efficiency. 

Effect of coolant on afterbumer perforniw-nee . - Unfortunately, most 
liquids that have proven satisfactory as conq>ressor coolants exhibit a 
negative reaction toward the kinetics of the ccffnbustion process. This 
fact is illustrated in figure 9, which shows the effect of increasing 
coolant-air ratio on eifterbumer tenqierature and combustion efficiency 
for operation at equivalence ratios of 1.0 and 0.8 for both the water- 
alcohol mixture (figs. 9(a) and (b)) and the liquid ammonia coolants 
(figs. 9(c) and (d)). These data are taken from references 1 and 2, 
respectively. At an equivalence ratio of 0-8, both water-alcohol and 
liquid ammonia injection tend to decrease the afterbiimer tenperature 
and combustion efficiency as the coolant-air ratio is increased. At an 
equivalence ratio equal to 1.0 (stoichiometric mlxtxire) the ammonia had 
relatively little effect on the conibuBtion efficiency, whereas the 
water-alcohol coolant was only slightly less effective than at an equiv- 
alence ratio of 0.8. Although bbth coolants, in general, tend to de- 
crease the combustion reaction rate, it is believed that the high tem- 
perature associated with stoichiometric ope rat ion j^s^^ates the am- 
monia into more readily combustible presets and thus reduces the influ- 
ence of the ammonia on the reaction rate. A detailed discussion of the 
Influence of water vapor and ammonia on combustion may be found in 
references 12, 13, and 14. 

As appreciable quantities of a coolant are int the range 

of equivalence ratios over which the afterbiimer operates with a rea- 
sonable degree of stability narrows. This effect is shown in figure 10 
where for an equivalence ratio of 1.0 the maximum possible coolaht-air 
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ratios are 0.045 for ammonia Injection and 0.065 for water-alcohol Injec- 
tion. in the Investigations summarized herein (refs. 1 and 2), two 
types of combustion instability were noted. The combustion instability 
encountered dxiring the sea-level investigation with the use of water- 
alcohol coolant was characterized by hi^-frequency vibration of a de- 
structive nature characterized as screech. Because the afterburner 
demonstrated some tendency toward this form of instability' without cool- 
ant injection, it is believed that the coolant tended only to aggravate 
the condition producing the instability. Althou^ it was possible to 
eliminate the instability during independent operation of the after- 
burner, this was not always possible when the combined system was used. 
The instability encountered with ammonia took the form of combustion 
blow-out. Althou^ this form was not destructive, it def3.ni.tely limited 
the amount of augmentation obtainable frcan. the ammonia injection phase 
of the combined system. 

Improvement of combined augmentation system performance . - Greater 
augmentation with the ccanblned system obviously necessitates In^roved 
afterburner performance (see ref. 15) or, at the least, minimized ad- 
verse influence of the coolants on the afterburner performance. A liq- 
uid that will qtialify as a good coolant and still possess desirable com- 
bustion properties is difficult to find. An alternative approach would 
be the use of an additive in the afterburner fuel to counteract the del- 
eterious effects of the coolant. The small-scale tests of reference 16 
showed that afterburner operation was possible with water-air ratios of 
0.17 when a magnesium sl'urry composed of 60 percent by weight of pow- 
dered magnesixm suspended in a hydrocarbon fuel was used. The slurry 
(or high-energy) fuel also has the added advantage of greater heat re- 
lease and a subsequent hi^er ten^perature during combustion. Althou^. 
no data have been obtained as yet, it is believed that the hl^er tem- 
peratures achieved with the sluriy fuels would reduce the negative in- 
fluence of the ammonia on the combustion process, and thus it mi^t be 
possible to ir^rove the combination performance below stoichiometric 
when ammonia is used as the coolant. The use of a slurry fuel presents 
several problems of a mechanical natrire, however, such as handling, fuel 
metering, spray characteristics, and pumping of a stabilized slurry. 

These details are discussed extensively in reference 17. 


Application of Augmented Performance to Blgh-Speed Flight 

With the foregoing design, operational, and performance informa- 
tion, the potential application of a combined augmentation system to 
the demands for hi^ magnitudes of thrust augmentation envisioned by 
aircraft designers may be logically analyzed. The experimental data 
have therefore been extrapolated to indicate the amount of thrust aug- 
mentation available at hl^ flight speeds. 
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The poteirblal -thrust’ augndhtatloii' available to a hypothetical tur- 
bojet engine' operating at. high-speed, hi^a-altitude: condltlcoie. has been. 
canrputed'uMng^esperlineiiteLL. date.' obtained froni thlB -Ccanpressor coolant 
injectlcai and etelchicsaetrlc afterbuxixLng Investlgatltm for. flight at 
an altitude of^SS'iOOO feet and ‘ flight,' Mach -trumbera. frcm 1.0 to 2.5. 
Stoichlmetrlc' aftetbiirner 'cperatlon- -with, compress or- ihject ion of. am-. . , , 
mohia at- an' artmoaia-air ratio -tJf- 0.04: has been assulned so as to Jteep 
the" data in -the .region' of ' s-bable afterburnferixgxeratlcaa:- deterajiined in 
the 'investlgation^'Of?' reference''. 2 . ■. Thh' C^^ of liquid 

aiimonia before' coBpreB'Sl'On.haki been.:. aBstimed', ahd adjustments:- to the 
cal cull ted-' air' flows’ and variations in. gas 'properties ^ have been made 
for ammonia' 'Injection. * 'Whileo previous, theoretical: ,CEQ.eulat ions iiaye : 
assumed' cOh‘Stknt'b*bii:i|ireBSor' 'and-' eifterburner ccanbustion efficiencies, j- 
the application., pres^ted- herein hka 'aHoTOd.' for; the .variation in 'these 
efficiencies indicated by available data. G?he analysis has assumed a 
constant turbine-discharge gas teaperature which requires the use of a 
variftble-areaf ^'Bfleb'a-uHt- npasl^: to take full:;ed'vhn'bage of - »the availa ble 
a'Ugoi6iitja’fci'C>ll . " '■ i- s a o 9 rf v ^ .■= r^o Jrvdo t s vp rf rf .t ! w n 

• r pxtaJflS.r f>rT.t .+ «- ( P. T V -r - '• ■ : 

‘' A * tlie' ^SOiibt)l6 caJLculatlana 1 b Included In. ap- 

pendlx Ai“ ■ A' detailed' explanation xxC : the assrmptions . and, extrapolation . 
of the data Of i-ref erence ■ 2' are'- incOndfed in hppSfidiX B . Hie. air-flow 
curve 'Shown ' in’- figure 11' has been ’ assumed, for. the hypotheticai engine 
and i« typihai of theft of' 'Currefat-'-tuiSibJet engines. It must be. recog- 
nised that' the Slops ■ of ' the llnear^portion iof : •the curve is closely fre- -r 
lated”'to thef angManctatloii^ achievablef)-^ inasmuch as a greater, slope would 
provide ' lar^r al^r-fldW ingreaaes' per imit -change in corrected speed. ..A 
curve of--the‘phrp'ing charabterist'los’ of-. the hypothetical engine is shown 
in figurbl l2,- i«ftiihh’'in’ also typical of J'purrerrt'. -turbojet engines . ■■ ■ Slml-: _ 
lariy, ■ -the- rSte 'Of ohah^- of1 -thS prebBujch- ratio ■with" "the. tenp.erature rar 
tie wlli’hl^piiTlo^-t^ -'iaflaen'ee tiie.' augmentation actually available. 

■ -j JL f>ni^ f .cr^^ ^■*=:rrrffnnn r-r-^* c* '.‘ T’"’' 

ThS^r’eStHtS'Cif the ' ttirust' augmen-tation" calculation' arp shown :an .. 
figurS'lSj 4ftilbh.prefeer[ts a oatt 5 )HiS.sorr;af .'.'the performance obtained with 
stoiehicimfetric''' afteit)iirn±flg''alohe -and with stoichlcan.etric afterburning 
in comibiiiatic&f‘'With:'a ccfigfressor<.inleb. lnJertrttaa ammonia- air ral^lp- of 
0.04 for an alt itvidfe 'Of 35 >t)00 :feet‘- and: 'flight Mach nlfinhers .fican l.Q 
to 2.5. At a flight Mach n-umber of 1.0 "the ammonia injection resulted 
in only a 0.22 increase in augmented net thrust over stoichiometric 
af terbTiniin'g.' '• At sT fll'i^t' Machi. numb'er-ljf '-2.5, -tlfis augmented hp.t- thrust 
ratio computed for the combination. of ammonia injection and afterburning 
was ff'.'B',- ^felie-Xrt.'th''afte3d3iirniiqgradxnie :J;t WQ.a jonly 4.4. ' 

■ I rr .ri‘FTne^'Ti^rf/3 . rrfniioo p. ho ,rrr> f 

The'^ aUg&iited liquid' ratios' assoc lHted: vit3i.:.the data of figure 13 :i.- 
are presented'' ih figure 14, where the .augmentea liquid ratio Is defined 
as -the-' ratio' Of: total liquid How' ;td -the ^engine :fuel flow' required at 
the particular flight condition ''for- that-^pgdrtiigilfar attgafentatlon system. 
!The increase in augmented liquid ratio -with flight Mach nusiber results 
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from ttie Incsreased engine-inlet air temperatures wliloli reduce tiie engine 
fuel flow. Wltli tlie afterburning configuration at a fli^t Mach number 
sllgb-tly In excess of 3.0, the ram-temperature rise will eq.ua! the nor- 
mal temperature rise across the engine ocanbustor, and the augmented liq.- 
uid ratio will numerically approach infinity. With the combination sys- 
tem this condition is reached at a flight Mach number of 2.5 because the 
ammonia serves as an engine fuel. For engines capable of operating at 
hi^er turbine-inlet temperatures, this limiting Mach number would occur 
at a higher value. Of course, engine operation would be limited to seme 
flight Mach number lees than this limiting Mach number by compressor 
structural considerations and engine speed control and stability. It 
should be noted that the rapid rise of the augmented liq.uid ratio ou 2 r?e 
at the llmlt’ing Mach number is a result of the decreasing engine fuel 
flow req.ulred with higher Inlet temperatures at the higher Mach numbers 
and is not an indication of the increase in total llq.uid consumption. 

For fll^t speeds between Mach 2.0 and Mach 2.5, favorable thrust charac- 
teristics for application to supersonic aircraft req.ulrlng short periods 
of increased acceleration are indicated. 

The engine performance variables (compressor- inlet temperature, 
fraction of rated actual air flow, and exhaust-nozzle pressure ratio) 
directly related to the thrust augmentation are shown in figure 15. 

Both the air flow and the exhaust-nozzle pressure ratio (related to Jet 
velocity) are shown to increase over the values obtained with after- 
burning alone because of the effect of the coolant on engine-inlet tem- 
perature. Although no substantiating data are available, it may be. 
expected that with the hl^ ram temperatures encountered in flight at Mach 
numbers of the order of 2.5, aq.ueous coolants would prove useful. This 
mi^t be especially desirable if afterburner operation were limited to 
some value below stolchicmetrio as a result of a compromise with the 
afterburner shell cooling req.uirements . Water would exert a smaller 
negative influence on the combustion efficiency than ammonia at the com- 
bustion temperatures associated with operation at equivalence ratios 
less than 1.0. If the combustion instability limitation encountered at 
an ammonia-air ratio of 0.045 could be eliminated to permit greater 
cooling from higher ammonia-flow rates, even greater augmentation could 
be anticipated. 


COHCLUDIilG REMARKS 

Turbojet engine thrust augmentation provided by a combination of 
compressor evaporative cooling and afterburning has been experimentally 
demonstrated to be feasible. The selection of a suitable coolant for 
the compressor injection Involves primarily a consideration of the at- 
mospheric conditions associated with the fli^t application and the 
physical properties of the coolant. 
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Because of Its higli heat of vaporization, water Is a satisfactory 
compressor coolant at tlae normal air temperatures associated with sea- 
level ta]ce-off conditions. However, at the low temperatures encountered 
during high-altitude subsonic flight, water is unsatisfactory as a cool- 
ant because small umounts of water saturate the air and very little 
evaporative cooling can be obtained. Liquid ammonia, on the other hand, 
possesses properties favorable to evaporative cooling at low tempera- 
tures. The greatest increases in air flow and compressor pressure ratio 
are to be realized from use of coolants which give the greatest reduction 
in temperature entering the compressor. However, if saturation is rea- 
lized at the compressor inlet, stagewlse evaporation la beneficial. For 
three ailal-flow engines at high coolant-flow rates where complete eva- 
poration could not take place ahead of the compressor, the use of inter- 
stage injection in oonjunotlon with the inlet injection was necessary to 
p 3 ?event centrifugation of the unevaporated coolant onto the compressor 
casing and attendant blade rubbing due to differential expansion. 

Both water and ammonia exhibited adverse effects on the conbustion 
performance of the afterburner, and at high coolant flow rates their 
presence usually caused some form of combustion instability. The nature 
and severity of this condition vary with the coolant and are a result 
of the molecular behavior of the coolant during combustion. 

An analysis based on the experimental results extended to Include 
flight at a Mach number of 2.5 and an altitude of 35,000 feet shows that 
an augmented -net -thrust ratio of approximately 4.4 can be obtained by 
stoichiometric afterbiirning eilone. The addition of cooqjressor coolant 
injection to this stoichiometric afterburning within estperimentally deter- 
mined combustion limits (0.04 coolant -air ratio) will increase the 
augmented -net -thrust ratio to approximately 6.9. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautlos 
Cleveland, Ohio, .July 14, 1954 
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APPEMDIZ A 
SYMBOLS 

The following symbols are used in the analysis; 

A area, sq ft 

Cp specific heat at constant pressure, Btu/(lb)(°R) 
d ammonia-air ratio, lb ammonia/ lb air 

Fj Jet thrust, lb 

Fjj^ net thrust, lb 

f fuel-air ratio, lb fuel/lb air 

g acceleration due to gravity, 32.17 ft/sec^ 

h enthalpy, Btu/lb 

hg^ti lower heat of combustion of ammonia, Btu/lb 
hg^f lower heat of combustion of fuel, Btu/lb 

N engine speed, rpm 

P total pressure, Ib/sq ft 

p static pressure, lb/ sq ft 

T total tenperature, °R 

V velocity, ft/sec 

W wei^t flow, lb/ sec 

Y* ratio of specific heats 

5 ratio of total pressure to static sea-level pressirre, P/2116 

T) efficiency, ratio of energy Increase to ideal energy Increase 

0 ratio of total temperatiire to static sea-level teaperatxire, T/519 
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Subscripts: 
a air 

b afterburner 

c centres sor 

d aomionla 

e engine 

g gas 

m manifold 

n vena contracta of Jet nozzle 

The numbered subseripts refer to stations indicated in figs. 1 and 
2 and the sketch in appendix B. 
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APEE3SDIX B 


METHOD OiF ANALYSIS 


The hypothetical engine under consideration in the extrapolation of 
the augmentation data to higpi speed vas assumed to operate at rated me- 
chanical ^eed with a turbine -outlet gas temperature Tg of 1660° R 

maintained constant by the use of an ideal, convergent variable-area 
exhaust nozzle. A schematic view of the engine indicating the injection 
points of ammonia and fuel and also the various engine stations consid- 
ered in the analysis is shown in the following sketch: 


Engine 


! ?b 


■ Afterburner 


Air flow — ^ 


Con5>res- 

Bor 

Co 

< 

mbustor 

1 

rurblne 

1 

^ ' 
V 

V 

1 

1 i 

1 ! * 

I III 


The following assumptions are necessary for the analysis: 


I 

0 


(L) Inlet pressure and temperature, station 1, corresponded to NACA 
standard atmosphere with ram recovery that is representative of current 
supersonic inlet design. 

(2) No pressure loss was Incurred with the ammonia injection equip- 
ment, that is, Pg equals 

(3) The engine total-pressure ratio P 5 /P 2 fuiiction of the 

total-temperature ratio Tg/Tg as shown in figure 12. 

( 4 ) The afterburner total-presstire friction loss was 0.06 Pg, and 

with stoichiometrlo afterburning the total-pressure loss including fric- 
tion was 0.12 P 5 . These pressure losses correspond to the pressure 

loss measured for the afterburner in the altitude investigation as pre- 
sented in this report. 


C5) The corrected ccmpressor air flow — r was a ftmctlon of 


the corrected engine speed 


H 


7 ^' 


Be 


, as shown in figure 11 . 



16 


MCA RM B54G08 


(6) The engine combustion efficiency T;e was 0.97 with no ammonia 
injection and 0.62 with an ammonia-air ratio of 0.04. 

(?) The afterburner efficiency was 0.92 at a stoichiometric 

mixture. 

(8) The manifold temperature of the ammonia and fuel was 80° P. 

The corresponding lower heats of combustion were 7500 Btu per pound 
and 18,725 Btu per pcnmd, respectively. The hydrogen- carbon ratio of 
the fuel was 0.170. 

The total pressure and total temperature at each station were cal- 
culated using the preceding assumptions for three cases; (l) normal en- 
gine performance, (2) stoichiometric afterbiirning, and (3) combined 
stoichiometric afterburning and an ammonia injection ratio d of 0.04. 

The drop in inlet air temperature from T^_ to Tg with an ammonia 

injection ratio of 0.04 was calculated from the energy balance between 
stations 1 and 2. 


^a,l + ^l»d,m(li(i) " ^^2 + <^,2 

Enthalpies of ammonia were determined from reference 18. 

The air flow was determined from the fraction of rated corrected 
speed, which is equivalent to ; ■ usi n g figure 11. The air flow 

with ammonia Injection was corrected for the difference between density 
of ammonia vapor and that of air in the following manner: 

Wa ,2 (1 + 1.70d) = Wg^2 =-0-989 ^e.,2 (inddcated) (2) 

where 1.70 is the ratio of density of air to that of ammonia. It was 
determined during the experimental investigations that 98.9 percent of 
the indicated air flow without ammonia injection could be achieved with 
an ammonia-air ratio of 0.04. Therefore, this factor was Introduced to 
provide achievable air flow increases. 

The engine fuel-air ratio fg was calculated from an energy bal- 
ance across the engine: 

^,1 + lie (^e^,f + *^,d) = (1 + i'e + *^)^g,5 


(3) 
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and the afterbtamer fuel-air ratio fb was calculated frcm the over-all 
stoichiometric relation: 

^ * §^SS ^ M 

Where 0.0675 is tdie stoiohiometric fuel-air ratio and 0.1642 is the 
stoichiometric ammonia-air ratio. 

3 ?he combustion temperature T 0 was thoi determined 
balance across tfa.e afterburner: 

(1 + fe + <3-)lig,5 + nb[(l + ^e + ^b + ^ 

= (1 + fe + + d)hg^8 (5) 

The value of was determined from, the ideal energy modified by 

an energy difference to take into account the increase in chemical en- 
ergy in the products of combustion due to the effect of dissociation. 

Mae value of this energy difference was determined from data contained 
in reference 19. 

The Jet thrust was calculated from the following relation: 

^ (j-a - I'd) 

using the procedure given in reference 20 and 

Wg,8 = W^,l (1 + fe + ^b + 

The net thrust was then caXcrulated: 

S'n - 1^0 O) 

and the augmented-net-thrust ratios for stoichicanetrlc afterburning and 
for combined stoichiometric afterburning with an ammonia injection ratio 
of 0.04 were calculated by dividing the respective net thrust for each 
case by that obtained for normal engine performance. 

The thermodynamic properties of the exhaust gas were determined 
from the products of an ideal combustion using the weighted averaging 
process and values obtained from reference 21 . 


from an energy 


+ 
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Figure 3. - Theoretically predicted and experi- 
mental tlirust augmentation with coniblned inlet 
and interstage compressor water-alcohol injection 
and stoichiometric afterburning. Engine operation 
at sea-level, zero-ram conditions. 
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Augmented liquid ratio 


Figure 4, - Theoretically predicted and experi- 
mental net -thrust augmentation with coiribined 
compressor ammonia injection and stoichiometric 
afterhurning- Engine operation at altitude 
of 35,CXX) feet and flight Mach number of 1.0. 



Augmented liquid ratio 


Figure 5. - Additional thrust augmentation achieved 
with improved distribution of ammonia and air at 
engine inlet. Engine operation at altitude of 
35,000 feet, flight Mach nuirher of 1.0, and engine 
inlet air temperature of 13^ F. 
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Axial-flow engine 
(ref. 6) 


Engine -inlet temperature, 

(a) Sea-level, zero-ram conditions. Water -alcdhol mixture. Coolant 
air ratio, 0.06. 

O Liquid ammonia 
Q Water-alcohol mixture 


1.04J 

-40 


Engine -inlet temperature, 


(b) Simulated flight Mach number of 1.0 at altitude of 35,000 feet. Coolant 
air ratio, 0.04 

Figure 6. - Effect of engine-inlet temperature on thrust augmentation by 
compressor injection of coolant at sea-^- level take-off and altitude flight 
conditions. 





Adiabatic compressor efficiency 




12,200 12,600 13,000 13,400 13,800 14,200 14,600 15,000 

Corrected engine speed, U/-^02, rpm 

Figure 7. - Variation of adiabatic coBi)resaor efficiency with corrected engine speed 
compared with compressor efficiency calculated during injection of liquid a mmo nia 
at compressor inlet. Simulated flight Mach number of 1.0 at altitude of 35,000 ^ 

feet. tn 
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Figure 8. - Effect of coolant-air ratio on com- 
pressor efficiency during injection of 70 percent 
water - 30 percent alcoliol mixture into compres- 
sor inlet during simulated flight at Mach niimber 
of 1.0 and altitude of 35,000 feet. 
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ture with ammonia - air ratio. 



Coolant-air ratio 

(d) Variation of afterhurner coinbtiBtion efficiency 
with ammonia - air ratio. 

Figure 9. - Concluded. Influence of coolant on 
afterburner performance during combined use of 
compressor coolant injection and afterburning. 
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Figure 11* - Air-flov .characteristics of hypothetical turbojet 
engine. 
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2.0 2.4 2.8 3.2 3.6 4.0 4.4 

Engine temperature ratio, T 5 /T 2 


Figxire 12. - Engine pumping characteristics of hypothetical turbojet 
engine operating at altitude of 35,000 feet. 




Augmented-net-thrust ratio 


32 


KACA EM E54G08 



1.0 1.4 1.8 2.2 .. .. 2.8 

Flight Mach number 


Figure 13. - Augmented net-thrust ratio calculated for hypothetical 
turbojet engine operating supersonically at altitude of 35,000 
feet using compressor-inlet injection ammonia-air ratio of 0.04 
and stoichiometric afterburning. Engine operating at rated 
speed and rated turbine-discharge temperature. 
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Figure 14. - Augmented liquid ratio calculated for hypothetical turbojet 
engine operating supersonically at altitude of 35,000 feet using 
compress or -inlet injection ammonia- air ratio of 0.04 and stoichiometric 
afterburning. Augmented liquid ratios shown are associated with 
augmented- thrust ratio data of figiire 13. 
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.6 1.0 1.4 1.8 2.2 2.6 3.0 

Flignt Mach nuaher 


(c) Exhaust-nozzle pressure ratio. 

Figure 15. - Conqparlson of engine performance variables with use of 
coi^preBSor-lnlet aanonia injection (ammonla^air ratio of 0.04) and 
stoichionietrlc afterburning for transonic and supersonic flight at 
altitude of 35,000 feet. Calculated for hypothetical turbojet 
engine • 


KACA-LU^ 






NASA TechnioU Library 



L 



